We study flavor-conserving radiative decays of double heavy baryons using a manifestly Lorentz covariant constituent three-quark model. Decay rates are calculated and compared to each other in the full theory, keeping masses finite, and also in the heavy quark limit. We discuss in some detail hyperfine mixing effects.
I. INTRODUCTION
A first observation of the double charmed baryon Ξ + cc (3519) by the SELEX Collaboration at Fermilab [1] stimulated theoretical studies of double heavy baryons (DHBs). Up to now the study of DHBs has mainly focussed on their mass spectra and their semileptonic decays (for an overview see e.g. Refs. [2, 3] ). In particular, significant progress has been achieved in the analysis of the DHB semileptonic weak decays. The current-induced flavor-changing double-heavy baryon transitions have been analyzed in a number of model approaches. These include effective field theories based on heavy quark spin symmetry [4] [5] [6] [7] , three-quark models [8] [9] [10] [11] , quark-diquark models [12, 13] , and nonrelativistic QCD sum rules [2, 14] . Recently [3] we have presented a comprehensive analysis of the semileptonic decays of DHBs using a manifestly Lorentz covariant field theory approach termed the relativistic constituent three-quark model (RTQM) [3, 8, 15] . We considered all possible current-induced spin transitions between double-heavy baryons containing both types of light quarks -nonstrange q = u, d and strange s. These involved the flavor-changing transitions bc → cc and bb → bc. Form factors and decay rates have been calculated and have been compared to each other in the full theory with all masses finite, and also in the heavy quark limit (HQL). Such an analysis is important because the semileptonic decays of DHBs provide yet another opportunity to measure the CabibboKobayashi-Maskawa (CKM) matrix element V cb . This is particularly true since the transition matrix elements between double-heavy baryons obey spin symmetry relations in the heavy quark limit in addition to a model independent zero recoil normalization of the relevant transition matrix elements.
In this paper we continue the study of DHB properties in the RTQM [3, 15] . In particular, we analyze flavorconserving radiative transitions between ground state DHBs: 1/2 + → 1/2 + and 3/2 + → 1/2 + . The first estimate of the radiative decay widths of the DHBs in the heavy quark limit including hyperfine mixing effects has been done in Ref. [11] (for radiative transitions between DHBs see also the early paper [16] ). A detailed analysis of DHB decays containing only the (bc) heavy quark configuration has been considered recently in Ref. [17] . As in our recent paper [3] , we take the DHBs to be bound states of a light quark and a double-heavy (Q 1 Q 2 ) diquark.
The origin of the hyperfine mixing for double heavy baryons is the one-gluon exchange interaction between the light and heavy quarks in the DHB states containing two different heavy quarks -b and c. It leads to mixing of the states containing spin-0 and spin-1 heavy quark configurations. As shown in Refs. [10, 11, 17] hyperfine mixing has a big impact on the decay properties of double heavy baryons. Both the weak semileptonic and the electromagnetic decay rates involving mixed DHB states are significantly enhanced or reduced relative to the rates involving unmixed states.
The RTQM can be viewed as an effective quantum field theory approach based on an interaction Lagrangian of hadrons interacting with their constituent quarks. From such an approach one can derive universal and reliable predictions for exclusive processes involving both mesons composed of a quark and antiquark and baryons composed of three quarks. The coupling strength of a hadron H to its constituent quarks is determined by the compositeness condition Z H = 0 [18, 19] where Z H is the wave function renormalization constant of the hadron H. The quantity Z
1/2
H is the matrix element between the physical particle state and the corresponding bare state. The compositeness condition Z H = 0 enables one to represent a bound state by introducing a hadronic field interacting with its constituents so that the renormalization factor is equal to zero. This does not mean that we can solve the QCD bound state equations but we are able to show that the condition Z H = 0 provides an effective and self-consistent way to describe the coupling of a hadron to its constituents. One starts with an effective interaction Lagrangian written down in terms of quark and hadron variables. Then, by using Feynman rules, the S-matrix elements describing hadron-hadron interactions are given in terms of a set of quark level Feynman diagrams. In particular, the compositeness condition enables one to avoid the problem of double counting of quark and hadronic degrees of freedom. The approach is self-consistent and all calculations of physical observables are straight-forward. There is a small set of model parameters: the values of the constituent quark masses and the scale parameters that define the size of the distribution of the constituent quarks inside a given hadron.
The main objective of the present paper is to present an analysis of all possible electromagnetic transitions between ground state DHBs containing both types of light quarks -nonstrange q = u, d and strange s. The paper is structured as follows. First, in Sec.II we review our relativistic constituent three-quark model approach (for more details see e.g. [3] ) including a discussion on how to obtain a gauge invariant coupling of the photon in our model. In Sec.III we discuss in more detail various aspects of the radiative decays of DHBs. We discuss the calculation of the relevant radiative transition matrix elements and analyze the consequences of taking the heavy quark limit for the radiative transitions. In Sec.IV we discuss in some detail hyperfine mixing effects in the radiative decays of DHBs. Sec.V contains our numerical results which are compared to the predictions of a naive nonrelativistic quark model that has the same spin-flavor symmetry group as our DHB currents in the nonrelativistic limit. We also compare the results of the full finite mass calculation with results derived in the HQL. In addition we compare our results for bc → bc radiative transitions with recent quark model results [17] . Finally, in Sec. VI we present a brief summary of our results.
II. FRAMEWORK

A. Lagrangian
For the evaluation of the radiative decays of DHBs we will consistently employ the RTQM [3, 15] . The model is based on an interaction Lagrangian describing the coupling between a baryon B(q 1 q 2 q 3 ) and its constituent quarks q 1 , q 2 and q 3 . For J P = 
where J B and J B * are interpolating three-quark currents with the quantum numbers of the relevant baryon B( 
where the Γ 1,2 are strings of Dirac matrices, C is the charge conjugation matrix C = γ 0 γ 2 and the a i (i=1,2,3) are color indices. F (x, x 1 , x 2 , x 3 ) is a nonlocal scalar vertex function which characterizes the finite size of the baryons.
The full Lagrangian
needed for the calculation of the radiative decays of DHBs includes the free parts of the baryons and the constituent quarks
where
The baryon and constituent quark masses are denoted by m B(B * ) and m ψ , respectively. The electromagnetic interaction Lagrangian contains two pieces given by
which are generated after the inclusion of photons. The first term L
em(1) int
is generated via minimal substitution in the free Lagrangian L free :
where Ψ stands for B, B * , q, Q, and e Ψ is the electric charge of the field Ψ. The interaction Lagrangian L
The second electromagnetic interaction term L em(2) int is generated when one gauges the nonlocal Lagrangian Eq. (1). The gauging proceeds in a way suggested and extensively used in Refs. [15, 20, 21] . In order to guarantee local electromagnetic gauge invariance of the strong interaction Lagrangian one multiplies each quark field in L str int with a gauge field exponential. One then has
An expansion of the gauge exponential up to a certain power of A µ leads to the terms contained in L em(2) int . The full Lagrangian consistently generates all the required matrix elements of the radiative decays of the DHBs. The relevant transitions can be represented by a set of quark loop diagrams. In the evaluation of the quark loops we use the free fermion propagator for the constituent quarks as dictated by the free quark Lagrangian discussed above. One has
whereS
is the usual free fermion propagator in momentum space. We avoid the appearance of unphysical imaginary parts in Feynman diagrams by postulating that the baryon mass is less than the sum of the constituent quark masses m B(B * ) < m q + m Q1 + m Q2 which is satisfied in our calculation. We mention that we have recently introduced a further refinement of our model in that we can now include quark confinement effects [22] . The free propagators of the baryon fields in momentum space are given bỹ
Next we consider in detail the required building blocks of the strong interaction Lagrangian L str int -the vertex function F , the interpolating three-quark currents J B and J µ B * , and the baryon-quark coupling constants g B and g B * .
B. Vertex function
The vertex function F B is related to the scalar part of the Bethe-Salpeter amplitude and characterizes the finite size of the baryon. In our approach we use a specific form for the vertex function given by
which is Poincaré-invariant. Φ is a nonlocal correlation function involving the three constituent quarks with masses m 1 , m 2 , m 3 ; N = 9 is a normalization factor. The variable w i is defined by
The Fourier transform of the correlation function Φ i<j
can be calculated by using Jacobi coordinates.
One has
where the Jacobi coordinates are defined by
The corresponding Jacobi momenta read
where, according to Eq.(16),
is invariant under translations its 
C. Three-quark currents
In the so-called Q 1 Q 2 -basis the DHBs are classified by the set of quantum numbers (J P , S d ), where J P is the spin-parity of the baryon state and S d is the spin of the heavy diquark. There are two types of heavy diquarksthose with S d = 0 (antisymmetric spin configuration [Q 1 Q 2 ]) and those with S d = 1 (symmetric spin configuration {Q 1 Q 2 }). Accordingly there are two J P = 1/2 + DHB states. We follow the standard convention and attach a prime to the S d = 0 states whereas the S d = 1 states are unprimed. The J P = 3/2 + states are in the symmetric heavy quark spin configuration. In Table I we list the quantum numbers of the double-heavy baryons including their mass spectrum as calculated in [13] .
As we have discussed in our recent paper [3] , there is a mass inversion in the (1/2
even though the heavy diquarks satisfy the conventional hyperfine splitting pattern m (bc)S=1 > m (bc)S=0 . This inversion is a feature of all models that have attempted to calculate the mass spectrum of double-heavy baryons [2, 9, 13, [24] [25] [26] . In particular, the inverted mass hierarchy implies that one can only expect substantial flavor-changing branching ratios for the two lowest lying states Ξ bc and Ω bc whereas the rates of the higher lying states Ξ ′ bc , Ξ * bc and Ω ′ bc , Ω * bc will be dominated by flavor-preserving one-photon transitions to the lowest-lying states Ξ bc and Ω bc . One of the purposes of the present paper is to analyze the strength of the one-photon transitions between the S d = 0 and S d = 1 double-heavy baryon states. In the HQL, the photon couples to the light quark only, and therefore one-photon transitions between the S d = 0 and S d = 1 double-heavy baryon states such as Ξ ′ bc → Ξ bc + γ are forbidden in this limit. For finite heavy quark masses onephoton transitions between the S d = 0 and S d = 1 double-heavy baryon states will occur at a somewhat reduced rate which, however, is very likely to exceed the flavor-changing weak decay rates of these states [16] .
Following the suggestion of Ref. [10] (see also discussion in [11] ) we also consider hyperfine Ξ ′ bc − Ξ bc and Ω ′ bc − Ω bc mixing induced by one-gluon exchange interactions. We define the mixed states through the unmixed states using a unitary transformation [10, 11] with the mixing angles θ Ξ or θ Ω :
where B = Ξ or Ω. We treat the mixing angle θ B as a quantity of order O(α s ) where α s is the QCD coupling constant. By B h and B l we denote the mixed states with the mass hierarchy m B l < m B < m B ′ < m B h . The masses of the mixed states m B h and m B l differ from the masses of the unmixed states by small hyperfine splitting corrections. They are expressed through the unmixed masses and mixing angle as:
When diagonalizing the mass matrix of the unmixed states the diagonal elements are driven apart such that the mass difference of the mixed states is larger than that of the unmixed states. One has
This leads to a further enhancement of the widths of the radiative transitions B 
The interpolating currents of the DHB states B qQ1Q2 are constructed in the form of a light quark q a3 coupled to a heavy diquark D a3 Q1Q2 . One obtains
For the (
+ , 1) and (
+ , 1) states we use the simplest currents -the pseudoscalar J P , the vector J V and J V µ currents, respectively:
In the heavy quark limit the above currents reduce to
where ψ q,Q1,Q2 are the upper components of the Dirac quark spinors and the σ i are the Pauli spin matrices. Note that the spin-flavor wave function coincides with the nonrelativistic limit in the HQL. In the nonrelativistic limit our DHB currents have a one-to-one correspondence to the naive quark model baryon spin-flavor functions (up to overall factors) which are displayed in Table II . Further details on the naive quark model and how to evaluate the radiative transition amplitudes in this framework can be found in Appendix B. According to the definition (21) the interpolating currents of the mixed B h and B l states are given by
D. Baryon-quark coupling constant
The coupling constants g ψ (ψ = B, B * ) are determined by the compositeness condition [3, 15, 18, 19] . The compositeness condition implies that the renormalization constant of the hadron wave function is set equal to zero, i.e.
Σ ′ ψ (m ψ ) is the derivative of the baryon mass operator shown in Fig.1 . In case of the 3/2 + states the function Σ B * (p) is subtracted from the nonvanishing part of the mass operator Σ µν B * (p) proportional to the Minkowski metric tensor g µν :
where (30) vanish due to the RaritaSchwinger conditions. Note that the compositeness condition is equivalent to a Ward identity relating the electromagnetic vertex function at zero momentum transfer to the derivative of the mass operator (see details e.g. in [3] ). Explicit expressions for the baryon mass operators are given in Appendix C.
III. RADIATIVE DECAYS OF DOUBLE HEAVY BARYONS A. Matrix elements
In our approach the radiative decays of DHBs are described by the set of Feynman diagrams shown in Fig.2 . The three "triangle" diagrams Figs.2(a)-2(c) are generated by the coupling of the constituent quarks with the photon. The two "bubble" diagrams in Figs.2(d) and 2(e) are generated by gauging the nonlocal strong Lagrangian (see discussion in Sec.II). Finally the two "pole" diagrams in Figs.2(f) and 2(g) are generated by the direct coupling of the initial/final baryon with the photon. Due to our explicit construction the DHB radiative matrix elements are explicitly gaugeinvariant. The pole diagrams vanish for the radiative transitions ( transitions the pole diagram in Fig.2 (g) vanishes due to the Rarita-Schwinger conditions for the 3 2 -spinor. All these statements are true for photon transitions between unmixed states. Photon transitions between mixed DHB states will be discussed in section IV.
We continue with a summary of some useful analytical results. The on-shell matrix elements for the radiative transitions 
where u B (p, s) and u ν B * (p, s * ) are the spin 
The momenta of the final state photon, the initial and final state baryon are denoted by q, p 1 and p 2 , respectively, where q = p 1 − p 2 and where s and s * are spin indices. Due to gauge invariance the electromagnetic vertex function
given by the sum of the gauge-invariant pieces of the triangle (∆), the bubble (bub) and the pole (pol) diagrams, while the nongauge-invariant parts of these diagrams cancel in the sum:
The contribution of each diagram can be split into gauge invariant and gauge variant pieces by introducing the decomposition
such that γ Note that all matrix elements are finite for real photons (q 2 = 0). Doing our calculations we start with q 2 = 0 and then take the limit q 2 → 0. Explicit expressions of the electromagnetic vertex functions can be found in Appendix C.
B. Heavy Quark Limit
In the HQL the masses of the heavy quarks are taken to infinity (m Q → ∞). In this limit the spins of the doubleheavy diquark and the light quark in the DHB states decouple leading to a much simplified transition structure. In particular, the transitions amplitudes ( Fig.2(a) contributes to the transition amplitude since Fig.2(a) represents the direct coupling of the light quark with the photon. The contribution of Fig.2 Following ideas developed in our paper [3] , we choose the momenta of the initial and final DHB as p
where r is a small residual momentum in the sense that r 2 ∼ O(1) when m Qi → ∞. with these assumptions the heavy quark propagators simplify in the HQL. One has
In the HQL and at q 2 = 0 the explicitly gauge invariant transition amplitude (
where N f denotes a statistical flavor factor which is equal to 1 or 2 for DHBs with two different or two identical heavy quarks. Γ 
where and g B2 are given by
Using the Laplace transform
the integration over the virtual momenta k 1 and k 2 in R AB (m q , Λ) can be done. One obtains
+ , 1) transition the HQL helicity amplitudes read
The ratio of the HQL helicity amplitudes is given by H ± 
The function I ∆ appearing in (42) and (43) is given by
In the HQL the helicity amplitudes, the form factors F 1 and F 2 , and the decay rate of the (
α ≃ 1/137 is the fine structure coupling constant and M 1 , M 2 are the masses of the parent and daughter baryon. The state
S corresponds to baryon with symmetric heavy quark spin configuration.
It is evident that our HQL rate results differ from the predictions of the NQM by the factor β 2 defined in (46). In the NQM one has β ≡ 1 while in our covariant approach β ≈ 0.5. It is for this reason that our HQL predictions for the ( 
IV. HYPERFINE MIXING AND RADIATIVE DECAYS OF MIXED STATES
As mentioned in the introduction the origin of the hyperfine mixing in the double heavy baryons is the one-gluon exchange interaction between the light and heavy quarks in the states containing two different heavy quarks -b and c. The one-gluon interaction leads to mixing of the states containing spin-0 and spin-1 heavy quark configurations. In this section we discuss in some detail the calculations of DHB radiative decays involving mixed states. We have three types of transitions: B amplitudes and are therefore also important for an analysis of the mixing angle θ. The matrix elements for transitions involving mixed states are derived using the transition matrix elements of the unmixed states. In Appendix B we present the results of the NQM for transitions involving mixed states in terms of quark magnetic moments and the mixing angle θ. In our numerical calculations we differentiate between the mixing angles for the Ξ-states and the Ω-states using the predictions of the quark model [11] : θ Ξ ≃ 25.5 0 and θ Ω ≃ 25.9 0 . The last issue which we would like to discuss in this section is the HQL structure of transitions involving mixed states. As we have discussed in the previous section the leading contribution for the B * 
where g B and g 
In the HQL the helicity amplitudes of the B h bc → B l bc transition are given by
After some straightforward algebra one can express the helicity amplitudes H ± 1 2 ±1 in terms of the parameter β derived in Eq. (46). One has
For β ≡ 1 our helicity amplitudes coincide with the predictions of the NQM. We can also deduce the form factor F 2 [see the expression for the matrix element of the 1/2 + → 1/2 + transition (A2)]:
Note that the form factor Note that in the HQL our model also reproduces the model-independent results derived in [11] for the decay rates involving mixed states 
V. RESULTS
We now proceed to present our numerical results. We first present results on the radiative rates using finite heavy quark masses, i.e. we do not take the HQL for the matrix elements. Estimates for the decay widths are also given for the nonrelativistic quark model, in which, as described before, the wave functions have the same spin-flavor structure as our relativistic current considered in the nonrelativistic limit. Then we consider the HQL in both approaches. We choose the Gaussian form Eq. (20) for the correlation function of the double heavy baryons. Our results depend on the following set of parameters: the constituent quark masses and the size parameter Λ B . The parameters have been taken from a fit to the properties of light, single and double heavy baryons in previous analyses [15] :
All our analytical calculations have been done using the computer program FORM [27] .
In Table III we present detailed numerical results on the radiative rates of double heavy baryons using finite masses for the heavy quarks (exact results, second column) and in the HQL (third column). These are compared to the corresponding results of the NQM using finite masses for the heavy quarks (fourth column). In column 5 we take the heavy quark limit of the NQM results by setting the heavy quark magnetic moments to zero. The dependence of our results on the size parameter Λ B is indicated by error bars where the variation of Λ B is given in Eq.(56) . Note that a smaller value of Λ gives bigger rates and vice versa. One can see that our finite heavy quark mass predictions are close to the results of the NQM. One has to keep in mind that the rate predictions are very sensitive to the mass difference ∆M = M 1 − M 2 . In fact, one has Γ ∼ (∆M ) 3 Table IV we present results for the rates involving mixed states in dependence on the mixing angle θ B varied from 10 0 to 25 0 . In Table V we compare our results with the results of a nonrelativistic quark model calculation [17] . The approach [17] can be viewed as an extension of the naive NQM discussed before by taking into account baryon wave functions in configuration space. One should emphasize that the results of nonrelativistic quark models are in general frame-dependent. For example, the results can depend on whether one works in the parent baryon or daughter baryon rest frame. Also, it is difficult to maintain gauge invariance in nonrelativistic quark models.
One final remark concerns the comparison of radiative and weak decays of DHBs. In [3] we have calculated the b → c semileptonic decays where we have shown that the corresponding decay widths are of the order of 10 −14 GeV. The radiative decay widths calculated in the present paper are much larger and lie in the range from 10 −8 to 10
GeV. One would like to know how important the weak decays of DHBs induced by the q i → q j (d → u or s → u) light quark transitions are. For a precise analysis one would need to know the precise values of the masses of the DHBs including isospin-breaking corrections which are not available at present. Instead using the general formula for the semileptonic decay width one can obtain a rough estimate for the decay rates induced by light quark transitions where, for the sake of simplicity, we neglect the contribution of form factors, spin and flavor factors. For example, for the 1/2 + → 1/2 + transition one obtains (see e.g. [28] )
where G F = 1.16634 × 10 −5 GeV −2 is the Fermi constant, V CKM is Cabibbo-Kobayashi-Maskawa (CKM) matrix element (|V ud | 2 ≃ 1 and |V us | 2 = 0.051), and ∆M = M 1 − M 2 is the difference of the masses of initial and final baryons. We know from data on the mass differences of light and heavy-light baryons that, approximately, the mass
and considering this to be an approximation of the upper limit for the corresponding decay rates. Using upper limits m d − m u < 10 MeV and m s − m u < 200 MeV we obtain:
Based on this rough estimate one concludes that the semileptonic decays of DHBs induced by the light quark transitions d → u and s → u are suppressed by more than 4 orders of magnitude in comparison to their b → c counterparts and are even more suppressed (more than 10 orders) compared to their radiative decays.
VI. SUMMARY
We have analyzed the radiative decays of double heavy baryons using a manifestly Lorentz covariant and gauge invariant constituent quark model approach. Our main results can be summarized as follows. We have derived results for the radiative transition matrix elements of double heavy baryons for finite values of the heavy quark/baryon masses and also in the HQL limit of infinitely heavy quark masses. We have discussed in detail radiative transitions involving DHB states subject to hyperfine mixing. We have presented an extensive numerical analysis of the decay rates for finite masses and in the HQL limit including numerical results on mixing effects. Our results were compared with the predictions of a nonrelativistic quark model including again hyperfine mixing effects. We find that the inclusion of hyperfine mixing effects has a profound influence on the pattern of radiative decays of DHBs. Since the calculated rates depend very sensitively on the exact mass values of the mixed and unmixed DHB states (
3 ) one must wait for an accurate determination of the masses of the DHB states before one can extract information on the mixing angles from the decay data.
In this Appendix we write down covariant expansions for the current-induced electromagnetic transitions involving the (1/2 + ) and (3/2 + ) baryon states. We thereby define sets of invariant vector transition form factors. We then define helicity amplitudes which are expressed in terms of linear combinations of the invariant form factors. One of the advantages of using helicity amplitudes is that one obtains very compact expressions for the decay rates (see e.g. [28, 29] ). In addition, the helicity amplitudes contain the complete spin information of the process and are thus well suited for the computation of spin observables.
In the radiative decays of double-heavy baryons the momenta and masses are denoted by
where p 1 = p 2 + q. For the invariant form factor expansion of the 1/2 + → 1/2 + matrix elements of the vector current J µ one obtains Transition
Similarly one has Transition 
where σ µν = (i/2)(γ µ γ ν − γ ν γ µ ) and all γ matrices are defined as in Bjorken-Drell. One should emphasize that the above invariant form factors are constrained by gauge invariance relations (see e.g. the detailed discussion in [30] ). Next we express the vector helicity amplitudes H λ2λγ in terms of the invariant form factors F i , where λ γ = ±1 and λ 2 = ±1/2, ±3/2 are the helicity components of the on-shell photon and the daughter baryon, respectively. The pertinent relation is
Angular momentum conservation fixes the helicity λ 1 of the parent baryon according to λ 1 = λ 2 − λ γ . We shall work in the rest frame of the parent baryon B 1 with the daughter baryon B 2 moving in the positive z-direction such that p
2 )/(2M 1 ) and
where χ + = 1 0 and χ − = 0 1 are two-component Pauli spinors.
The J = 3 2 baryon spinors are defined by
They satisfy the Rarita-Schwinger conditions
where 1λ 
The polarization vectors corresponding to the parent and daughter J = 3 2 baryons are given by:
The polarization vectors of the on-shell photon read
where the "bar" on the polarization vector denotes the fact that the photon is moving in the negative z-direction. The polarization vectors satisfy the Lorentz condition
Using above formulas for the spin wave functions with definite helicities one can then express the helicity amplitudes H λ2λγ through the invariant form factors by calculating H λ2λγ = M µ (λ 2 )ǭ * µ (λ γ ). One obtains
we use the following notation for the antisymmetric χ A (λ) and symmetric χ S (λ), χ * S (λ) spin wave functions where λ is the helicity of the baryon state:
In (B1) we use the ordering {q Q 1 Q 2 }. Next we relate the DHB radiative decay amplitudes to the nonrelativistic amplitudes G λ2λγ , where λ γ = ±1 and λ 2 = ±1/2, ±3/2 are the helicity components of the on-shell photon and the daughter baryon, respectively (see details in Appendix A). In order to evaluate the spin flip matrix elements between the baryon states we make use of the spin-flip (spin raising/lowering) operator
where i runs over the three constituent quarks. The spin flip matrix elements are given by
where λ 1 = λ 2 − λ γ is the helicity of the parent baryon and σ ± = σ 1 ± iσ 2 . µ i = e i /(2m i ) is the i-th quark magnetic moment and e i and m i are its charge and mass, respectively. For the amplitude G λ2λγ one obtains
where tan ± = 1 ± tan θ B √ 3 and cot ± = 1 ± cot θ B √ 3. The states + radiative transitions are defined by:
where N i = √ 2M i is the extra factor acquired in the nonrelativistic quark model due to different normalization of states in the relativistic and the nonrelativistic theory. Therefore, we have
The radiative decay widths for the four possible s 1 → s 2 spin transitions are given by:
and α ≃ 1/137 is the fine-structure constant. It is evident that the widths of the subleading processes 
Here and in the following N f denotes a statistical flavor factor, which is equal to 1 or 2 for DHBs with two different or two identical heavy quarks, respectively, and Γ = γ 0 Γ † γ 0 . We have introduced the abbreviations
and
In the following we present explicit expressions for the electromagnetic vertex function. In case of the ( 
where e 1 = e Q1 , e 2 = e Q2 and e 3 = e q . For the ( 
